AND CONCLUSIONS
1. The supplementary eye field (SEF) has been viewed as a premotor cortical field for the selection and control of saccadic eye movements. Drawing on studies of the neighboring premotor cortex, we hypothesized that if the SEF participates in the selection of action based on arbitrary stimulus-response associations, then task-related activity in the SEF should change during the learning of such associations.
2. Rhesus monkeys were operantly conditioned to make a saccadic eye movement to one of four targets (7 deg up, down, left, and right from center) in response to a fovea1 instruction stimuhs (IS). One and only one of those four possible responses was arbitrarily designated ' 'correct' ' for each IS. The monkeys responded to familiar ISs, four stimuli that remained unchanged throughout training and recording, as well as to novel ISs, which the monkeys had not previously seen. The monkeys initially chose responses to novel stimuli by trial and error, with near chance levels of performance, but quickly learned to select the correct saccade.
3. We studied 186 SEF cells as monkeys learned new visuomotor associations. Neuronal activity was quantified in four task periods: during the presentation of the IS, during an instructed delay period (i.e., after the removal of the IS but before a trigger or "P" stimulus), just before the saccade, and after the saccade during fixation of the target location. The discharge rate in each task period was considered a separate case for analysis, compared with that in a reference period preceding the IS, and eliminated from further analysis if not significantly different.
4. We observed two main categories of activity change during learning, which we termed learning selective and learning dependent. Learning-selective cases showed a significant evolution in activity as the monkeys learned which saccade was instructed by a novel IS, but had no significant modulation during trials with familiar ISs. Many of these cells were virtually inactive on trials with familiar ISs. However, they initially showed dramatic modulation when tested with a novel IS. As the monkey chose the correct saccade (or target) with increasing reliability, the modulation often decremented until the cell was again relatively unmodulated, as observed during familiar-IS trials. These cells usually remained relatively inactive until the monkeys were challenged to start leaming another new stimulus-response association. Learning-selective activity was observed in all task periods, and 33 ( 18%) of the 186 adequately tested SEF cells showed learning-selective activity in one or more task periods.
5. Learning-dependent cases, similar to learning-selective ones, significantly changed activity during the course of learning. Leaming-dependent cases differed from learning-selective ones in showing task-related modulation for familiar-IS trials. Their activity was often lowest at the beginning of learning, but steadily incremented, trial by trial, in close correlation with the monkeys' improvement in selecting the correct response. In most cases, discharge rates on novel-IS trials converged on those for the familiar IS instructing the same saccade. Learning-dependent activity was observed in all task periods, and 68 (37%) of 186 adequately tested SEF cells showed significant learning-dependent activity in one or more task periods.
6. The present findings support the hypothesis that SEF plays a role in the selection of eye movements or saccade targets on the basis of arbitrary stimuli and suggest that it may be part of a neural network responsible for learning flexible, nonspatial stimulus-response relations.
INTRODUCTION
Physiological (Bon and Luchetti 1992; Luppino et al. 1991; Mann et al. 1988; Russo and Bruce 1993; Schall 1991a,b; Schlag and Schlag-Rey 1985a,b, 1987; Schlag et al. 1992; Tehovnik and Lee 1993; Tehovnik et al. 1994) and anatomic (Huerta and Kaas 1990; Matelli et al. 199 1; Parthasarathy et al. 1992; Schall et al. 1993; Shook et al. 1988 Shook et al. , 1990 Shook et al. , 1991 Stanton et al. 1993; Stepniewska et al. 1993 ) data suggest that the supplementary eye field (SEF) is either a distinct premotor cortical field or the oculomotor part of one. Defined in part on the basis of intracortical microstimulation (Schlag and Schlag-Rey 1987) , the SEF historically has been viewed as an area that represents eye movements in craniocentric coordinate space (Mann et al. 1988; Schall 1991a,b; Schlag and Schlag-Rey 1987; Schlag et al. 1992; Tehovnik and Lee 1993) , although this view remains controversial (Russo and Bruce 1993 ) .
A nearby cortical field, the dorsal premotor cortex (PMd) , appears to play a role in the sensory guidance of limb movements, including some aspect of motor preparation (Boussaoud and Wise 1993a,b; Caminiti et al. 1990; Crammond and Kalaska 1994; di Pellegrino and Wise 1993; Fu et al. 1993; Gentilucci and Rizzolatti 1989; Kurata 1993; Mushiake et al. 1991; Riehle and Requin 1989; Werner et al. 1991; Wise 1984 Wise , 1985 Wise , 1989 . The hypothesis that PMd functions in the retrieval, from memory, of the correct movement to be performed on basis of an arbitrarily associated stimulus (Halsband and Freund 1990; Halsband and Passingham 1982, 1985; Passingham 1987 Passingham -1989 Passingham , 1993 Passingham et al. 1989) , or mediates that association (Petrides 1982 (Petrides , 198% 1987 , was supported by the observation of learning-dependent activity changes in PMd (Mitz et al. 1991) . This finding was subsequently confirmed, with a different experimental approach, by Germain and Lamarre ( 1993) .
In the present study, we tested an analogous hypothesis for the SEF. As in the skeletomotor task (Mitz et al. 199 1) , we compared SEF activity in two conditions: in one, monkeys selected a response to a novel visual stimulus on a trialand-error basis; in the other, they selected their action on the basis of a learned association between that stimulus and IS, instruction stimulus onset; x, instruction stimulus offset; TS, trigger stimulus; ac, target acquisition; r, reward. The stippled squares represent the potential eye-movement targets, and the arrow labeled "Gaze" shows gaze angle for 2-6. Time dimension not to scale, stimuli not to scale. a response. The former condition occurred in the initial phase of learning, i.e., during the first presentations of a novel instruction stimulus. The latter condition developed as learning progressed, when the monkeys increasingly chose the reinforced response to an initially novel stimulus. We predicted that if SEF, like PMd, participates in the selection of movements (or goals) based on an arbitrary stimulus context, then at least some of its cells should change their taskrelated activity modulation as monkeys learn new conditional oculomotor associations.
METHODS

Subjects and apparatus
Two male rhesus monkeys (Macaca mulatta), 6-7 kg, were used in this study. The monkeys sat in a primate chair, facing a video screen, which subtended t 10 deg of the visual field. Their heads were fixed mechanically. Eye movements were monitored at 200 samples/s with an infrared oculomotor (Bois Instruments) in front of the right eye.
Behavioral paradigm
Each monkey was operantly conditioned to perform an oculomotor task that required the association of arbitrary, complex visual stimuli with saccadic eye movements (Fig. 1 ). There were four potential eye-movement targets; thus, the task required the development of a four-way conditional oculomotor learning set (Harlow 1949) .
The trial began with the presentation of a blue (0.1 deg) square at the center of a video screen (Fig. 1, 1) . After the square turned white, the monkey was required to maintain gaze on that stimulus. In practice, the monkey usually fixated the blue square shortly after its appearance. As soon as the monkey fixated the central point, the fixation point changed from blue to white and four potential eye-movement targets (0.2 deg light green squares) appeared: 7 deg up, down, left, and right from center ( Fig. 1,2) . The monkeys were operantly conditioned to maintain gaze angle within a 52 deg window centered on the central fixation square. As the monkeys maintained attentive fixation, a reference period of 0.5 s (or, rarely, 0.6 or 0.8 s) was followed by the superimposition onto the fixation square of a complex, visual instruction stimulus (IS) for 0.5 s (or rarely 0.6 s; Fig. 1, 3) .
Each IS was a composite of one to four elements selected from a set of rectangles, annuli, and squares, open and filled, of various hues, orientations, brightness levels, and sizes. Each IS measured a maximum of 2.4 x 2.4' in size and instructed one and only one correct eye movement (in any block of trials). Four of these visual stimuli were used as familiar stimuli, one familiar IS for each of the four targets. These four familiar stimulus-response associations were very well learned and remained unchanged throughout the training and recording periods. Novel stimuli were constructed randomly from the available visual elements as needed. Most often, one or two novel stimuli were added to the group of four familiar stimuli for presentation in a given block of trials. Occasionally, we instead would eliminate one or two of the familiar stimuli and substitute one or two novel stimuli for them. Accordingly, after each correctly executed trial, the next IS was chosen pseudorandomly from a set of four to seven stimuli, of which three to four were familiar and one to three were novel. The exact number of novel and familiar stimuli was chosen in an attempt to regulate the monkeys' rate of learning.
After extinction of the IS, an instructed delay period began ( Fig.  1,4) . We used two kinds of delay periods: variable and fixed. For the first monkey, the delay period always was selected pseudorandomly, with a minimum of 1.5 s and a maximum of 3.5 s, in four steps. For the second monkey, the same regimen was followed for all training sessions and while searching for task-related neurons. However, when neuronal data collection commenced, the delay period was usually changed to a fixed 2.5 s interval. If the monkey failed to maintain a steady fixation during the delay period, the trial was aborted and a 5-s intertrial interval was imposed.
When the instructed delay period expired, the fixation point disappeared (Fig. 1, 5) as the "go" or trigger stimulus. The monkeys then had to make a saccade to the correct target within 0.55 s and maintain gaze within a t 1.5 or 2.0 deg eye window for 0.6 s (or occasionally 1.5 or 2.5 s) to receive a reward. Throughout operant conditioning and during the search for task-related neurons, the accuracy requirement was 2 1.5 deg. During recording this requirement was relaxed to 22.0 deg. If the monkey's choice was correct, a drop of liquid was given as a reward and the target squares disappeared. The liquid reward was -0.3 ml of liquid diet (Enrich, McKensee), diluted 1: 1 with water. This event was followed by a 2-s intertrial interval. If the choice was incorrect, no reward was given, the target stimuli disappeared, and a 3-s intertrial interval occurred.
After an erroneous choice, a retrial was started with the same IS. In practice, the monkey did not perseverate on incorrect responses, and the total number of errors in response to a novel stimulus averaged only five (see RESULTS) on all initial trials and retrials combined. A given set of instruction stimuli were used for a block of 50-100 trials, after which a different set of four to seven instruction stimuli were presented for a block of 50-100 additional trials or a new cell was isolated.
Surgery, recordings, and intracortical microstimulation Each monkey was operantly conditioned to detect the dimming of a central fixation point. Then, aseptically and under isofluorane anesthesia ( l-3%, to effect), a single stainless steel head-restraint bolt was implanted in the skull. Operant conditioning in the conditional oculomotor task then lasted an additional 4-5 mo, after which a stainless steel chamber (27 X 36 cm) was implanted over the exposed dura mater of the frontal lobe. The monkeys received banamine (0.5 mg/kg im) for 3 days postoperatively.
Glass-coated, platinum-iridium electrodes ( l-2 MO measured at 1 kHz) were used to record single units in the monkey's frontal cortex. Single-unit potentials were filtered with a bandpass of 600 Hz to 6 kHz, amplified, and discriminated using a multi-spike detector (Alpha-Omega Engineering). Cells usually were isolated as the monkeys learned novel conditional oculomotor associations.
Localization testing with intracortical microstimulation was employed in the second monkey. Trains of 11 cathodal constantcurrent pulses were delivered at 350 pulses/s, using a stimulus isolation unit (PSIU-6, Grass Instruments). Each pulse was 200-350 pus in duration.
In the second monkey, the electromyographic (EMG) activity of shoulder, neck, and trunk muscles was recorded using intramuscular stainless steel wire ( 100 pm diam). EMG signals were amplified lo4 times, filtered with a band pass of 10 Hz to 10 kHz, amplified, and discriminated as pulse replicas with a time baseamplitude discriminator (BAK Electronics, model DIS-1) . Care was taken to ensure that there was a reliable background signal during rest. Muscles monitored bilaterally included deltoid, triceps, trapezius, temporalis, infraspinatus, supraspinatus, and occipitalis, as well as cervical paraspinal, thoracic paraspinal, and lumbar paraspinal muscles.
Data analysis
Neuronal discharge during each trial was measured in five task periods ( see Fig. 1 ) : a reference period, usually the 5 12-ms period ending 8 ms before the onset of the IS; an instruction period, beginning 80 ms after the onset of the IS and lasting 240 ms; part of the instructed delay period, lasting 800 ms and ending 400 ms before target acquisition (which did not include any time after the "go" or trigger stimulus) ; a presaccadic period from 200 to 20 ms before target acquisition; and a postsaccadic, target-fixation period, beginning 200 ms after target acquisition and lasting 400 ms, until reward delivery. Occasionally, these time windows were modified as appropriate to the activity on an individual neuron. Activity levels reported here represent mean discharge rates over several trials. Task-related and directionally selective activity was assessed for each task period with a two-factor analysis of variance (ANOVA, a = 0.05). Reaction time was defined as the time from the trigger stimulus until the onset of eye movement. Because we did not detect eye-movement onset, we calculated reaction time by subtracting movement time from the total response time, which we measured as the time from the trigger stimulus until the end of the saccade.
Activity was analyzed separately for each task period and saccade direction, each as a separate case. Although activity from an individual neuron does not constitute an independent sample, experience has shown that discharge modulations during different periods in a trial have distinctive properties that make it potentially misleading to attempt "classification" of cell activity across task periods. We use the term case rather than cell because the properties of neurons in on task period may contradict those of another. Although a neuron could, in principle, be studied in up to four task periods for each novel stimulus presented, in practice, the vast majority of cells showed significant learning-related changes in only one or two task periods.
To evaluate the monkey's learning, we performed the changepoint test (Siegel and Castellan 1988) for binomial data (a = 0.01) on the sequence of correct and incorrect responses to an initially novel stimulus. To evaluate changes in neuronal activity during learning, the change-point test (Siegel and Castellan 1988) for continuous variables (a = 0.01) was applied to any task-related activity that seemed, by qualitative inspection, to show a possibly significant change during learning. For a small number of cases, in which the change-point test showed activity changes in one of the first two correctly performed trials, we compared a group of consecutive early trials against all later trials (Mann-Whitney U test, cy = 0.05). Reference-period activity and activity on the interleaved trials in which familiar stimuli instructed the same saccade were subjected to the same analysis. We always evaluated whether the activity being studied showed significant task-related modulation, defined as a significant difference from its activity during the reference period. As a second behavioral measure, the number of correct responses in a three-trial moving average was calculated. The probability of choosing, by chance alone, three consecutive correct responses is <0.02 (0.25" = 0.016), and we took this performance level to indicate that significant learning had occurred. Cross correlations and other statistical analyses were performed with SYSTAT (Wilkinson, Springfield, IL).
Histology
Near the end of physiological data collection, in the second monkey only, we made electrolytic lesions ( 15 PA for 10 s, anodal Reaction times are expressed as means t SD in milliseconds.
current) along six tracks. No lesions were attempted in the first monkey. For both monkeys, the brains were perfused with formaldehyde and steel pins were inserted at known coordinates. Each brain was removed, photographed, sectioned on a freezing microtome at 40-pm thickness, mounted on glass slides, and stained for Nissl substance with thionin. We plotted the surface projections of the recording sites and the estimated track of each penetration by reference to the recovered electrolytic lesions (second monkey only) and to the pin holes. All six lesions were recovered from the second monkey's histological material. We made no attempt to identify each recording track.
RESULTS
Behavior
Once neuronal recording began, the monkeys rarely made an incorrect response to familiar stimuli, doing so on fewer than 2% of familiar-stimulus trials. During the recording, the monkeys learned the correct responses to novel stimuli in a mean of 4.9 t 3.6 (mean t SD) correct trials (changepoint test, cy = 0.01 ), i.e., on approximately the fifth correct trial. Including both correct and incorrect trials, the fifth correct trial corresponds to "raw" trial number 10.6 t 3.4. The monkeys first reached a criterion of three consecutive correct responses in a mean of 11.5 t 8.4 trials, which was correct trial number 5.1 t 3.5. Thus these two measures of learning yielded similar results.
We searched for, but could not discern, a response strategy for novel ISs. The monkey's first choice (in a sample of 185 trials) varied among each of the four possibilities: 22% down, 21% left, 26% right, and 30% up. Neither monkey employed any of the obvious strategies for subsequent choices such as clockwise or counterclockwise rotation or reversals. Except for the tendency not to repeat immediately an unrewarded choice, the monkeys seemed to select responses randomly from among the three remaining possibilities. For example, if the monkey first chose an upward saccade, but was unrewarded, it rarely (5%) repeated the same response, but chose instead either left (25%), down (32%), or right (38%) saccades. The monkeys often returned to a previously unrewarded choice when one or more trials intervened.
Saccadic eye movements were highly stereotyped. Table  1 gives the reaction times for the two monkeys taken from a representative sample of recording sessions. Differences in reaction time between familiar and novel stimuli were not significant. Figure 2 shows that there was no significant time trend in reaction times to novel stimuli for either monkey (P > 0.05, one-factor ANOVA, repeated measures). Thus, the monkeys responded with approximately equal speed as they learned new conditional oculomotor relationships. The response time limit of 550 ms did not appear to influence these means, nor were there dramatic differences in the number of response time failures for novel versus familiar ISs.
As illustrated in Fig. 2 of the companion article (Chen and Wise 1995)) the monkeys maintained stable gaze during the instructed delay period, as well as during the period of target fixation after the saccade. There were no differences in eyestability for trials with familiar versus novel stimuli.
With the exception of the temporal and trapezius muscles, the muscles studied showed no task-related activity during the task periods studied. Trapezius, cervical, thoracic, and lumbar paraspinal muscles, and the occipital muscle typically control posture and neck movement. On the majority of trials, these muscles were active only after the monkey had received a reward, with periodic bursts of activity during the intertrial interval. The activity of these muscles decremented during the inter-trial interval before the monkeys foveated at the central point and a new trial began. Muscles that control limb and shoulder movements, such as triceps, deltoid, infraspinatus, and supraspinatus, were, in general, inactive, but burst irregularly throughout some trials. A minority of trapezius samples, in the upper and middle branches, especially, and the temporal muscle showed a gradual activity increase beginning at the end of the instructed delay period and an activity peak during the postsaccadic target-hold period, which gradually decreased within 0.5 s after the reward. None of these skeletal muscles showed any significant changes in activity during conditional oculomotor learning.
Neuronal data base Table 2 shows the neuronal data base for the SEF sample, as well as the number of task-related and directionally selec- For each task period, the Table gives the number of task-related cells, the number of directional cells and mean modulation by task period. The data are pooled means for both subjects. Mean activity modulation was defined as the absolute value of mean discharge rate in the defined task period minus reference-period activity, in impulses (imp) per second, means + 1 SD. Directionality and task relationship were evaluated independently for each task period. I  II  I  I  II  I  I  II  I  I  II  I  I  II  I  I  II  I  I For the analyses that follow, we examined correctly performed trials only. In all of those trials, the instruction stimulus and the response, a saccadic eye movement to a given target, were identical. For a small number of cells, the monkey managed to perform without any errors for a given novel stimulus or with only one error. Those data were eliminated from further analysis. Nevertheless, we were able to study 186 SEF cells as the monkeys learned the correct response to an initially novel stimulus. Because we studied the activity of each task period separately, our analysis was based on 744 cases from these cells. Cases showing statistically significant changes in activity during learning were categorized in two ways: 1) cases with significant task-related activity for familiar-stimulus trials were termed learning dependent, whereas those without such activity were termed learning selective. These two categories were mutually exclusive for each case, although a given cell might fall into both categories were it to have contrary properties in different task periods. 2) Cases were divided according to whether they increased discharge rate with learning (i.e., they showed a positive correlation of activity rate vs. the proportion of correct responses) or, alternatively, decreased discharge rate with learning (i.e., were negatively correlated). Table 3 gives the number of cells with significant learningdependent and learning-selective activity changes.
Learning-selective activity
Learning-selective cases showed significant changes in activity during conditional oculomotor learning (Figs. 3 - 5B), but showed no significant task relationship-for the relevant task periodon familiar-IS trials (Figs. 3 -5A ). Figure 3 shows a cell with a very low rate of activity during the instruction period (or any other task period) for familiar-IS trials requiring a rightward saccade (Fig. 3A) . However, the cell showed a dramatic modulation during the instruction period when the monkey started learning that a novel stimulus instructed the same, rightward saccade (Fig. 3B) . For that novel IS, at least one action potential was observed in 15 of the first 16 correctly executed trials, its activity gradually declining as the correct trials accumulated (Fig. 3 0) . Note that although the mean activity shown on the histogram, an average of the 22 correctly executed trials, was modest ( 18 impulses/s) , the peak discharge rate during the first several trials was higher. As determined from reciprocal interval calculations, the first five trials had a mean peak discharge rate of 51 impulses/s.
The typical characteristic of learning-selective activity was a low discharge rate in all task periods and for all saccade targets when the monkey was presented with a familiar IS (Figs. 3A and 5A), although there were exceptions. For example, a neuron ( Fig. 4A) with no significant taskrelated activity in the relevant task period had substantial modulation in different task period.
Learning-selective activity could be observed in all task periods (Table 3) . Notwithstanding the dramatic modulation in the instruction period noted above, Fig. 4 clearly shows learning-selective activity during the delay period, and Fig. 5 shows learning-selective activity for the postsaccadic period. Both initial increases (47%) and decreases (53%) in activity occurred as learning progressed. Many cases showed both increases and decreases in discharge modulation as the number of correct responses to an initially novel IS accumulated. Figure 4 illustrates a common, nonmonotonic pattern: an initial increase in delay-period activity followed by a decrement to virtual inactivity. However, not all cases reached such low levels within the duration of recording from an individual neuron.
Learning-dependent activity
Figures 6-8 illustrate representative learning-dependent activity changes. Similar to learning-selective cases, learning-dependent ones showed significantly evolving activity on trials with novel ISs, with discharge rates often increasing in parallel with the improvement of performance . Unlike learning-selective activity, learning-dependent cases showed significant modulation, for the relevant task period, during trials with familiar ISs (Figs. 6-8A ).
The neuron illustrated in Fig. 6 showed learning-dependent activity during the instruction period. The activity during the trials in which a familiar stimulus instructed a downward saccade (Fig. 6 , A and C) generally exceeded that for trials in which a novel stimulus instructed the same eye movement, at least for the first five correctly executed downward saccades (Fig. 6, B and 0) . However, after the monkey's performance had improved (Fig. 6 D) , the difference between familiar and novel stimuli was reduced greatly. In this case, the activity increased in positive correlation with the monkey's improvement in performance, though it lagged somewhat behind the learning curve (Fig. 60) . In trials with an initially novel instruction stimulus, the cell's discharge rate eventually, with learning, came within a standard deviation of the activity after the relevant familiar stimulus.
In contrast to the cell in Fig. 6 , the cells illustrated in Figs. 7 and 8 showed learning-dependent changes in activity during the instructed-delay period and postsaccadic, targethold period, respectively. As shown in Table 3 , learningdependent changes in activity occurred in all task periods. The learning-dependent activity more commonly increased (62%) than decreased (38%) during learning, an issue that is taken up in more detail in the section on population statistics, below.
In most cases, the pattern of task-related discharge changed little as the activity evolved during oculomotor learning. For example, cells that showed modulation during the instruction period but not during the instructed-delay period did not change to the reverse during learning. However, we did observe changes in the precise time course of activity modulation during a given task. This phenomenon usually consisted of cells becoming more active earlier in a given task period as learning progressed.
Repeats and reversals
After one block of trials in which the monkey successfully learned the instructional significance of an initially novel stimulus, we could confirm the observation of either learning-dependent or learning-selective activity changes in a subsequent block of trials. As noted in METHODS, the IS for each trial was selected from a set of novel and familiar stimuli. After mastery on one such set, another, with different novel stimuli, could be presented to the monkey. Figure 9B illustrates the repeated demonstration of the learning-dependent activity. Note that, for each block of trials (Fig. 9B , left, middle, and right), the cell at first discharged very little, but later reached 30-50 impulses/s. In three cases, it was possible to confirm the learning-dependent changes five times (not including the first block of trials in which it was studied). We could repeat the demonstration of learning-dependent changes four times for 2 cases, twice for 14 cases, and once for 29 cases. Similarly, we repeated the demonstration of learning-selective activity for 17 cases. Because it was possible that the learning-dependent or learning-selective activity reflected simple sensitization or habituation to the novel stimuli, we occasionally switched the instructional meaning of a novel stimulus in a subsequent block of trials (Fig. SC) . For example, in the block of trials immediately after the monkey had learned that a novel stimulus instructed a upward saccade, the same stimulus was redefined to instruct a saccade to the rightward target. The monkeys usually repeated the response learned in the preceding block of trials, then switched to a trial-and-error strategy, and eventually learned the altered instructional significance of the stimulus. In such a case, the cell activity showed an essentially similar learning-dependent change. These tests could best be performed when a case showed little or no directional selectivity. For 18 learning-dependent cases, reversals led to a replay of the same general kind of activity changes observed for the preceding block of presentations. In no case was there a continuation of discharge rates at the level observed at the end of the preceding block of trials. activity during the instruction period from raster B. Note that the performance ( q ) rapidly improves as the number of correctly performed trials accumulates. Activity (0) begins at its highest level for this cell during the first 3 correctly performed trials, and decreases as a function of correct trial number. These 3-point averages contain data from correctly executed trials only. Thus the first point (1 in D) shows the average activity from the first, second, and third correct trials (centered on the second trial in B). Dashed horizontal line indicates 1 SD above the mean activity for trials in which a familiar stimulus instructed a rightward saccade (data from A and C). Fig. 3 . Activity during the instruction period, more pronounced than that during the instructed delay period, does not vary with correct trial number by the change-point test, although it is significantly greater than during the same task period for the relevant familiar stimulus. The monkey made errors in response to this novel stimulus on raw trials I, 2, 5, 6, 7, and 8. Thus the correct trials plotted here correspond to raw trials 3, 4, and 9-26.
Directionality
Population data Learning-dependent changes in activity were observed in cells without directional selectivity, as well as in those with
We calculated population activity and learning curves sepsuch directional preferences. Most cells with learning-depenarately for cases with learning-dependent versus learningdent changes in activity were directionally selective (ANselective activity and also separately for cases with increases OVA, CY = 0.05). In the instruction period, 17 (55%) of during learning versus those with decreases. Figure 10 shows 3 1 learning-dependent cases showed directional selectivity.
the population activity ( 0) and associated learning curves During the instructed-delay period, 17 (53%) of 32 did so, (0). We calculated population activity curves by normalizas did 14 (52%) of 27 presaccadic cases, and 13 of 26 (50%) ing all neuronal activity to the maximal discharge for a cell postsaccadic cases. Note that cells were often directionally on any trial (for the relevant task period and saccade direcselective in one task period but not in others. The directional tion). Trial number was normalized by aligning the activity selectivity of the learning-selective cases was difficult to and behavioral scores on the middle of a group of three evaluate because these cases showed no significant modulatrials, the first time the monkey achieved three consecutive tion for the familiar-stimulus trials, for any direction of eye correct trials. That trial was recoded as normalized trial nummovement, and it was possible to test their activity during ber 0 (Fig. 10) . Note that, in the normalized activity curves, novel-stimulus trials for only one or two directions at a time.
each point represents a mean across many cases. In part r Figure 1OC shows the population cross-correlation runctions for learning-dependent cases with increases in discharge rate during learning (solid line) and those with decreases (dashed line). The peak correlation coefficient of the two population means was r = 0.85 for the increasing learning-dependent cases (Fig. 1OA ) and r = -0.66 for the cases with decreasing activity (Fig. 10B) . Trial for this reason, the maximum activity in Fig. 10 is always substantially less than 1.0. Figure 10A shows, for learningdependent cases with increasing activity during learning, the very close correlation between the population's average change in activity and the average improvement in performance. An inverse correlation is shown for SEF learningdependent cases with decreases as a function of trial number (Fig. IOB) . However, there is an important distinction between the trends shown in Fig. 1OB and the other three averages computed. This category of learning-related Figure 12 shows the distribution of peak correlation coefficients and the lags for the individual cases that contribute to each population average. Positive lags indicate that neuronal activity changes follow the change in performance, negative lags (leads) indicate the opposite (see discussion in Mitz et al. 199 1) . The learning-selective population had a mean lag of 0.51 t 2.35 trials ( YL = 39 ) and the learning-dependent population mean was 0.86 t 1.88 trials. That difference was not significant (t = 0.88, P > 0.35). In general, the overall change in the population activity closely matches the improvement in the monkey's performance. changes is not independent of the overall excitability of the cells, as are the other three. As shown in Fig. 11 B, for the cases included in Fig. lOB , the activity on trials with the corresponding familiar IS show a similar time trend, and reference-period activity also shows a decrease (Fig. 14) during learning. None of the other populations show systematic changes in familiar-stimulus (e.g., Fig. 11A ) or reference period activity (Fig. 14) . To illustrate the change of activity across all task periods tional oculomotor relationships. Note that the increased acduring different stages of learning, we calculated population tivity in the late phase of learning was greater than that for activity histograms (Fig. 13) for selected data, learningfamiliar ISs, especially at the beginning of the instructed dependent cases with increasing activity during learning. For delay period. This finding was consistent with the singlemost cases, trials before normalized trial -2 ( see Fig. 10A ) were grouped and averaged as ' 'early" activity. Trials between normalized trial -2 and 2 were grouped as "middle" activity, and later trials contributed to the "late" activity average. Each bin for each cell contributed to the population average in proportion to the maximum bin for that cell. These population histograms could be compared with that computed for the corresponding familiar-stimulus trials (i.e., those instructing the same direction of eye movement in each case), presented in the same block of trials. Bins of 13.3 ms were smoothed with a five-point moving average. The population histograms (Fig. 13) show the rapid evolution of neuronal discharge as the monkeys learn novel condicell data, which often showed greater activity during the late-phases of learning compared with the relevant familiar stimulus, as well as a drop off from the highest activity modulations during the later phase of learning.
To gain some appreciation of the magnitude of change during learning, we calculated a learning effect index, formulated as (A, -A,)/(A, + A,); where A1 = the activity in the first correct trial and A, = the activity on the third from last trial for a given novel stimulus. The third from last trial was selected because isolation was degraded on a small number of cells for the last trial or two. Figure 14 illustrates the learning effect index for different categories. Activity during the reference period was measured and the same in- dex was computed for that task period. From bottom to top index and those for the reference period were statistically of Fig. 14, the population means and standard deviations of significant (t-test, P < 0.0001, P < 0.011, P < 0.025, and this index follow: 1) for the learning-dependent cases with P < 0.002 for the four paired comparisons listed above, increases during learning, 0.66 t 0.40; in the reference pe-respectively). A learning-effect index also was computed riod for the same cases, -0.06 t 0.54 (n = 58); 2) for for the corresponding familiar ISs, and the results closely the learning-dependent cases with decreases during learning, parallel those for the reference-period activity.
-0.45 t 0.49; in the reference period for those cases, -0.12 t 0.63 (n = 41) ; 3) for the learning-selective cases with increases during learning, 0.36 ? 0.55; in the reference Cortical localization, microstimulation and histological period for those cases, -0.15 t 0.69 (n = 17); 4) for analysis the learning-selective cases with decreases during learning, Figure 15 shows the locations of cells with learning depen--0.69 t 0.54; in the reference period for those cases, dence and learning selectivity from the second monkey. Note -0.20 t 0.42 (n = 22).
that this region of cortex is one where significant presaccadic All of the differences between the main learning effect activity was observed, usually in the same penetrations. It is also a region from which eye movements could be evoked by intracortical microstimulation (see Fig. 8A of Chen and Wise 1995). In some penetrations, as little as 20-30 PA of current was effective in evoking eye movements. More typically, however, currents of -60-80 ,uA were used. There was no striking difference in the locations of cells with learning-dependent versus learning-selective activity or in the location of cells with increases versus decreases during learning. Nor was there any striking difference, within SEF, in location of cells with such effects versus those without them. The region termed here SEF was of agranular cytoarchitecture between PMd, which bounded it caudally, and the prefrontal homotypical cortex (cf., di Pellegrino and Wise 199 1) . The cytoarchitecture of the area from which we recorded conforms very closely to the description of area F7 by Matelli et al. ( 199 1) , an area, like the area described here, from which eye movements could be evoked by intracortical microstimulation (Luppino et al. 199 1) .
DISCUSSION
The present study led to two main findings. First, one population of SEF cells showed changes in activity that closely paralleled learning and eventually came to resemble the activity seen after well-learned stimuli instructed the same saccade. Second, other SEF cells, ordinarily not task related, discharged mainly when the monkeys were actively learning arbitrary stimulus-response associations. We suggest that the latter population may represent an undersampled majority. Respectively, these two populations may underlie responses selected on the basis of learned associations and those selected by trial and error.
SEF activity during learning
The present results confirm the existence of learning-dependent activity in premotor areas, first observed during conditional motor learning of forelimb movements in PMd (Germain and Lamarre 1993; Mitz et al. 1991) . We previously have discussed the timing of activity changes observed during learning, as well as their relation to the acquisition of conditional motor rules and the consolidation thereof (Mitz et al. 199 1) . That discussion pertains to the present data as well. The present observations serve to further exclude interpretations of learning-dependent activity in terms of changes in the degree of preparation, alterations of reaction blocks of trials, the instructional meaning of one novel IS was changed. In the earlier block (left), it instructed a saccade to the top target. In the subsequent block (right), it instructed a rightward saccade. Note that the discharge did not simply persist at the level achieved by the end of the first block of trials, demonstrating that the activity level did not reflect familiarity with the stimulus or sensitization.
time, covert skeletal muscle activity, or response kinematics. ingham et al. 1989; Petrides 1982 Petrides , 1985 Petrides -1987 ; see also In the present study of stereotyped oculomotor behavior, the Halsband and Freund 1990). Previous neurophysiological monkeys' reaction times were highly stable during learning data (Mitz et al. 1991) supported that hypothesis for PMd and covert postural muscle activity would seem an unlikely by showing significant evolution in neuronal activity during correlate of activity in an oculomotor area.
learning, changes that could be attributed to neither the stimFor PMd, it has been hypothesized that its necessary role ulus nor the response. Accordingly, Mitz et al. ( 199 1) argued lies in learning the correct response to be selected on the that PMd was specialized for the selection and control of basis of arbitrary stimulus context (Halsband and Pass-movements on the basis of arbitrary visual stimuli. Applying ingham 1982 Applying ingham , 1985 Passingham 1987 Passingham -1989 Passingham , 1993 ; Pass-this same logic to SEF, we conclude on the basis of the (0) for each case is aligned on the first occurrence of a perfect response record, 3 correct responses out of 3 trials. Second of these 3 trials is termed normalized trial number 0. Average neuronal activity ( l ) was computed with the same temporal alignment, using a 3-point moving average of activity in the relevant task period for the relevant saccade direction. Activity of each cell then was normalized by dividing it by the maximal discharge rate, for any trial, averaged over that task period. Bars at the bottom of each graph show the sample size for each behavior and activity point. Because the animals learned at different speeds for different novel stimuli, the number of cases contributing to each average point varies (as does the SD). A bar height of one major division on the left y axis represents 50 cases. C: population cross-correlations for cases of increased activity during learning (solid line, data based on A) and for cases of decreased activity during learning (dashed line, data based on B).
stimulation, the location of the area relative to the stimulation maps of Tehovnik and Lee ( 1993 ) , the plotted source and termination of corticocortical connections with the frontal eye field (Huerta and Kaas 1990; Matelli et al. 1991; Schall et al. 1993; Shook et al. 1988 Shook et al. , 1990 Shook et al. , 1991 Stanton et al. 1993) , as well as the similarity of the cytoarchitecture with dorsomedial frontal cortex (DMFC) by Tehovnik and Lee (1993) and Mann et al. (1988) . We cannot be certain about a more restricted part of the medial frontal gyrus than that studied by Mann et al. (1988) or Tehovnik and Lee (1993) whether the SEF, as defined here, corresponds precisely to and a somewhat more lateral region than that originally illusthat studied by others. It seems likely that we recorded from trated by Schlag and Schlag-Rey (1985b) as SEF. There was no mediolateral or other anatomic segregation between cells with learning-selective versus learning-dependent activity changes. This finding is somewhat surprising in view of the well-known hypothesis that areas involved with the selection of action based on nonsensory instructions are situated medial to those involved in sensorially guided movement (Goldberg 1985; Mushiake et al. 1991; Passingham 1993; Wise 1984; Wise et al. 1991) . On the assumption that, during the earliest phase of learning, the subjects generated their responses quasirandomly, and therefore, "internally,' ' one might predict that cells mainly and most active during the earliest phases of learning (learning-selective activity) would be situated more medially within the SEF. However, the applicability of that hypothesis to oculomotor cortical areas has yet to be determined (see also Schall 1991b). = Our findings support the idea that at least partially different circuits underlie well learned versus incompletely learned stimulus-response associations. Some components of the network, typified by learning-selective activity, appear to be unmodulated for well learned input-output relations. Indeed, in addition to learning-selective activity that monotonically decremented in modulation as learning progressed, we observed much learning-selective (and some learning-dependent) activity that initially increased, but eventually fell off from its highest levels as the monkey continued perfect performance (e.g., Fig. 4) . In some cases, the activity stopped completely as learning progressed, in others and on average (Fig. 100 ) some activity remained. We speculate that had we followed each case's activity longer, as the monkeys gained increasing familiarity with initially novel instructions and consolidated learning, more of the learning-selective cases would have become unmodulated. There have been several suggestions ( Aizawa et al. 1991; Bloedel et al. 1993; Gemba 1993; Kawashima et al. 1994; Mann et al. 1988; Pascual-Leone et al. 1994; Paus et al. 1993; Sasaki and Gemba 198 1, 1982, 199 1; Raichle et al. 1994 ) that the inputoutput relations of cortical areas change as tasks become rote, relatively automatic or ' 'habitual' ' . The present results support that idea.
Note that learning-selective activity is not an "error signal' '. The analysis focused nearly exclusively on correctly executed trials, and we saw no evidence of specific error Learning effect index signal, such as those observed in slow-wave potential from the cingulate cortex (Brooks 1986). sufficient account for the observations reported here. _---The saccadic eye movements were highly stereotyped and did not differ as learning progressed. The reaction-time data shown in Fig. 2 ing-dependent or learning-related activity changes. . As for attentional factors, the instruction stimulus was presented foveally and had to be attended for the monkey to learn the appropriate stimulus-response association. After learning had progressed, the monkey had to attend to the stimulus for its instructional value on each trial. The monkeys may have shifted covert attention from the fovea occasionally during the instructed delay period, but there is no reason to assume that they did so, especially in view of the need to detect disappearance of the central fixation point to trigger the saccade. In addition, the stability of reaction time during learning argues against a variation in attention with conditional oculomotor learning. The same argument applies to arousal.
The results obtained for reversals rule out certain factors that might account for learning-dependent or learning-selective changes in activity, such as adaptation or sensitization to the novel stimuli. If the monkeys' adaptation to or increasing familiarity with initially novel stimuli accounted for learning-dependent or learning-selective changes, then reversing their instructional significance should have led to a continuation of the discharge rate observed at the end of the first block of trials in which it was presented. It did not.
Changes in reward rate, reward predictability, or motivation must be considered as all of those factors change with ence in cell excitability. Note that this argument does not learning. For the more than half of the cases that were direcapply to learning-dependent cells with activity decreases tionally selective (Mann et al. 1988; Schall 1991a,b ; Schlag during conditional motor learning. This category of learningand Schlag-Rey 1987), the frequency of reward and motivadependent cases did show parallel changes in the relevant tion was the same for all directions of movement, but the task period and the reference period, as well as for both cells did not show such dramatic learning-dependent changes familiar and novel stimuli (Figs. 10B and 11 B) . Such a directions. However, for nondirectional does not apply, and some of them may population is the network of particular interest because it with information about general could provide excitability to rewards).
For learning-selective activity, this problem is more difficult because their properties made it difficult to assess directionality. We also can rule out an interpretation in terms of stimulus-reward associations: all novel stimuli are associated equally with reward, at least during the course of several trials.
That the learning-related changes were not due to either the passage of time or the number of stimulus presentations per se is demonstrated by the close correlation between the change in neuronal activity and the time-course of learning. For repeated learning, activity changed slowly when the monkey learned relatively slowly and changed quickly when the monkey learned quickly.
It also could be argued that some of our results follow from the cells either becoming generally inactive or inadequately isolated. The relative stability of the activity associated with the familiar stimulus and the reference period activity argues strongly against this possibility. Note that a instructionally equivalent familiar stimulus was almost always presented in the same block of trials as a novel stimulus. Because they were presented pseudorandomly in interleaved trials, it is difficult to argue for any generalized differ- pointing ticks indicate learning-selective cases. Cases with persistent differences between familiarand novel-stimulus trials are marked ( 0). At the bottom of each track, there is indication (0) that within that track some cells had significant presaccadic discharge modulations, but it does not mark their locations. Above some tracks, arrows show that eye movements could be evoked from that track with intracortical microstimulation. Drawn parasagittal sections are spaced at l-mm intervals.
Finally, we made no attempt to determine the best stimulus location or "movement field" for the cells. This problem is unlikely to have contributed materially to the present result because the eye movements and positions did not differ during learning or among familiar versus novel stimuli.
Other cortical regions and other forms of motor learning For the visual and auditory cortex, several investigators have described systematic changes in neuronal response to repeated stimulus presentations (e.g., Diamond and Weinberger 1989; Edeline et al. 1993; Miller et al. 1991 Miller et al. , 1993 Miller and Desimone 1994; Rolls et al. 1989) . Stimulus discrimination must, in some sense, precede conditional oculomotor learning. However, conditional motor learning can be distinguished from sensory discrimination learning in that the former involves the flexible association of stimuli with various actions.
Conditional motor learning also can be distinguished from other forms of motor learning, such as motor adaptation or skill learning (see Corcos et al. 1993; Drew 1993; Gordon et al. 1993; Jaric et al. 1993; Okajanas and Ebner 1992; Pavlides et al. 1993; Thach et al. 1992) , learning movement sequences (Bloedel et al. 1993; Grafton et al. 1992) , and either learning associative (Thompson 1987; Woody 1986) or adapting nonassociative (Ito 1984; Lisberger 1988) reflexes. For example, lesions of the frontal eye field cause deficits in saccades to a remembered target (Deng et al. 1986 ), but, as indicated by the lesion's effect on saccade dynamics, these appear to be context-dependent deficits in the performance rather than the acquisition of motor behavior. These nonconditional forms of motor learning rarely exhibit the flexibility that characterizes conditional motor behavior, and, especially for skill learning, are irrelevant to oculomotor behavior. The saccade dynamics are not being learned by the subjects of our study.
Spatial versus nonspatial guidance of spatially directed action
In general, the nonconditional forms of motor learning enumerated above may reflect a standard mapping of sensory
